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SUMMARY

Synthetic nonadecanucleotides complementary to the human MA_, AS_,
or PC-globin sequences were used as hybridization probes to screen
human genomic DNA samples for these genes. The oligonucleotides
were 32P-labeled and used as probes to genotype restriction endonuclease
digests of human genomic DNA. The data obtained show that hybrid-
ization with oligonucleotide probes, unlike restriction fragment length
polymorphism (RFLP) analysis or direct restriction enzyme digestion,
can be used to directly distinguish among the three alleles of P-globin,
pA, Ps, and PC, when present either in one (heterozygous) or two copies.

INTRODUCTION

Over the period of the last 5 years, three sophisticated methodologies have been
developed to examine human genomic DNAs for genes that give rise to genetic
diseases due to point mutations [1-7]. The experimental protocols comprising
these methodologies share common elements: each relies on digestion of DNA
samples with restriction enzymes, on electrophoretic separation of the fragments
that are generated, and on the use of radiolabeled DNAs for probing the resolved
digests. However, because each methodology has a unique theoretical basis,
important differences among these methodologies are found in the details of
protocol execution. These include differences in the strategy of DNA restriction
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enzyme digestion and in the size of DNA hybridization probes -long cDNAs or
short oligomers-chosen for screening of genomic digests. The sum of these
variations determines whether a given methodology approaches the problem of
identifying affected genes directly or indirectly. In addition, these variations
affect the applicability of a methodology, either limiting or extending its usefulness.
The first of these methodologies is indirect and depends on the association of

a given point mutation with a restriction fragment length polymorphism (RFLP).
If no such association can be found, this approach is not applicable. Because the
frequency of linkage of the point mutation to a particular RFLP is never 100%,
this approach requires a family study to determine the pattern of gene segregation
among the polymorphic restriction fragments. Unfortunately, unless a second
RFLP is found, genotyping of offspring is not possible in families where both
the normal and abnormal genes happen to be associated with the same fragment
length in the parents [8]. Some point mutations known to be linked with RFLP(s)
include: sickle-cell anemia, which is associated with an HpaI polymorphism [1,
2, 9] and also with a combined HpaI, HindIII polymorphism [8, 10]; 1339(UAG)-
thalassemia, which is associated with a BamHI polymorphism [ 11 ], and PC disease,
which is associated with an HpaI polymorphism [9].
The second of these methodologies is dependent on the nature of the point

mutation itself. If a point mutation creates or destroys a restriction site, genomic
DNAs can be examined directly with the enzyme specific for that site. To visualize
band patterns in the resolved DNA digests, this methodology, like the first,
employs radiolabeled cDNA. The cDNA probe will detect the restriction fragment(s)
associated with the normal gene as well as the new restriction fragment(s) associated
with the affected gene. Examples of point mutations that are amenable to direct
assay in this fashion are: 13121 Glu-Lys (Hb OArab) which is associated with the loss
of an EcoRI site [2]; sickle-cell anemia, which is associated with the loss of DdeI
[4, 5]; and MstII [12, 13] sites and pIVs-2-thalassemia, which is associated with
the creation of an HphI site [14]. This approach is much simpler than the first
because it does not require family studies. However, it is also more limited in
its applicability.
The newest of the methodologies for detecting point mutations avoids many

of the limitations of the first two, as will be illustrated by the work presented
here. Unlike the first two methodologies that employ cDNAs as probes, this one
employs synthetic oligodeoxyribonucleotides for this purpose. To insure that
oligomer probes are of sufficiently high complexity to be specific only for the
genes of interest, a minimum length of 19 nucleotide units is chosen for the
probes. For each mutation site, a set of nonadecanucleotide probes, which includes
at least one oligomer complementary to the normal gene sequence and one com-
plementary to the mutated sequence, is synthesized. A probe complementary to
the normal gene will make a duplex with the mutated gene that contains a single
base-pair mismatch; the same is true for the duplex formed between the probe
for the mutated sequence and the normal gene. Under appropriately stringent
hybridization conditions, perfectly matched and mismatched duplexes can be
distinguished easily by the presence or absence of detectable signal in the particular

43



STUDENCKI ET AL.

restriction fragment that carries these genes. Examples of affected genes that
have been distinguished from their normal counterparts by this approach are the
sickle-cell [6, 7], aj-antitrypsin [15], I339(UAG)_thalassemia [16], and plVSI--thal-
assemia [17] genes.
To illustrate further the power, generality, and simplicity of the oligonucleotide

hybridization assay for point mutations, we describe here the use of oligonucleotide
probes to distinguish among three alleles of the P-globin gene (pA, Ps, and PC).
Discrimination of all three of these genes by RFLP analysis is quite laborious
and not always possible because of the lack of linkage to an appropriate RFLP.
It is impossible by direct restriction analysis. An A- T transversion in the sixth
codon of the 3-globin gene (GAG-+GTG) produces the PA--+Ps mutation, while
a GN-A transition in this same codon (GAG->AAG) produces the PA--+PC mutation.
The PC mutation does not affect the DdeI (CTNAG) orMstII (CCTNAGG) restriction
enzyme sites and, therefore, unlike the P3s gene, cannot be discriminated from
the 13A gene by direct digestion with these enzymes.

MATERIALS AND METHODS

The solid-phase triester method [ 18] was used to synthesize nonanucleotides, one deca-
nucleotide, and nonadecanucleotides (tables 1 and 2). The synthetic nonadecanucleotides
19A, 19S, and 19C are complementary to the coding strands of the PAk, Ps-, and Pi-
globin genes, respectively, while the nonadecanucleotides 19A', 19S', and 19C' are
complementary to the noncoding strands of this same set of corresponding genes. Each
oligonucleotide makes at least one mismatch with its noncomplementary P-globin genes:
19A with the Ps and 13C sequences, etc.
Probes were either 5' end-labeled with 32P using T4 polynucleotide kinase or internally

labeled with 32P using the repair activity of E. coli DNA polymerase I (Klenow fragment)
and a-32P deoxyribonucleoside triphosphates as described [6, 7]. Specific activities of the
probes are given in the legends of figures 1 and 2.
Human genomic DNAs were prepared from leukocytes obtained from normal subjects,

pApA, and from subjects who were heterozygous or homozygous for the sickle-cell and
PC genes (i.e., from subjects with the 1A1S, UsEs, IC1s, and cc genotypes). DNA from
the clone XHf3G 1 that contains the normal human 13-globin gene was prepared as described
[19]. A pBR322 plasmid containing the entire normal human f3-globin gene was subjected

TABLE 1
SEQUENCES OF OLIGONUCLEOTIDE PRIMERS

Primers Sequences

9A .......55' CTCCTGAGG 3'
9S ....... CTCCTGTGG
9C . ...... CTCCTAAGG

pIOA',S ',C'. ....... pGCAGACTTCT*

NOTE: The 9A, 9S, and 9C primers possessed 5' hydroxyl groups as
shown or 5' dimethoxytrityl (DMT) protecting groups. The DMT protecting
group is useful in probe product purification and does not interfere with
hybridization.

* A universal primer that was used to prime synthesis of the internally
labeled oligomers pl9A', pl9S', and pl9C' on the templates 19A, 19S,
and 19C.
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TABLE 2

SEQUENCES OF OLIGODEOXYRIBONUCLEOTIDE PROBES

No. MISMATCHES
MISMATCH(ES) WITH WITH RELATED
P-GLOBIN DNAs GLOBIN GENES

OLIGONUCLEOTIDE PA PS PC GAY 8

*

pl9A 5' pCTCCTGAGGAGAAGTCTGC 3'.... A-A G-T 2 7 1
*
**

pl9A' 3' GAGGACTCCTCTTCAGACGp 5'.... T-T A-C 2 7 1
*

p19S 5' pCTCCTGTGGAGAAGTCTGC 3'. T-T ... G-T,T-T 3 8 2
*
* *

p19S' 3' GAGGACACCTCTTCAGACGp 5'...... A-A ... A-C,A-A 3 8 2
**

pl9C 5' pCTCCTAAGGAGAAGTCTGC 3'. A-C A-C,A-A ... 3 8 2
*
**

p19C' 3' GAGGATTCCTCTTCAGACGp 5 ' ..... G-T G-T,T-T ... 3 8 2

NOTE: The single and double asterisks denote the PA--+PsS and the PA y TC point mutation sites, respectively.
The underlined bases are those that are 32P-labeled when probes are made by the primer extension method.
End-labeled probes possessed a 5' 32p group, while primer extended probes possessed a 5' hydroxyl, 5' DMT,
or 5' phosphate group depending on the corresponding primer used: 9A or DMT-9A, 9S or DMT-9S, 9C or
DMT-9C, and plOA',S',C'.

to oligonucleotide-directed in vitro mutagenesis to obtain the plasmid pBR322-HPS that
has the sickle-cell globin-coding sequence Ps [20].
One- and 10-pug samples of human genomic DNAs were digested overnight at 370C

with 5.4 U BamHI and 4.8 U EcoRI and with 10 U BamHI, respectively. Either of two
protocols [6, 7] was used for digestion of XHPG1 and pBR322-H3S marker DNAs. Re-
striction of genomic DNAs and marker DNAs produced a 1. 8-kilobase (kb) fragment that
contained the 5' end of the P-globin gene where the 13A---1S and PA,+BC mutation sites
are located. The use of EcoRI together with BamHI increased the fragmentation of genomic
DNA samples but did not alter the size of this fragment.
The 10-pug genomic digests were electrophoresed together with marker DNAs on a large

vertical 1% Seakem ME agarose gel (0.3 x 20 x 20 cm; 1-cm wells). One-pug digests
were electrophoresed together with marker DNAs on vertical 1% Seakem ME or HGT
agarose mini-gels (0.2 x 8 x 13 cm; 0.5-cm wells). The running buffer was 100 mM
Tris-borate, pH 8.3, 1 mM EDTA. The DNA was denatured and neutralized in situ according
to either of two protocols [6, 7]. Gels were dried onto Whatman 3MM paper using a Bio-
Rad gel drier. Just before hybridization, gel membranes were removed from their paper
backing by wetting the paper with 0.15 M NaCl or with distilled water.

Wetted membranes were placed in Dazey Seal-a-Meal bags and were hybridized at 530C
either with 5' end-labeled probes or with primer extended probes. They were then washed
as specified in the legends of figures 1 and 2. Gels were allowed to blot dry on Whatman
3MM paper, wrapped in Saran wrap, and autoradiographed at - 70'C using two screens
(DuPont Lightning Plus or DuPont Quanta III) and Eastman Kodak XAR-5 film.

RESULTS

To discriminate among the p3A, 13S-, and PC-globin genes, it is necessary to
have three oligonucleotide probes, one each for each 3-globin gene. However,
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since DNA is double-stranded, two probes can be synthesized for each gene, one
specific for each of the two strands (see table 2). The decision as to which of the
two possible probes is preferable is dependent on the types of mismatches each
probe makes with its two noncomplementary P-globin genes. On theoretical
grounds, different base-pair mismatches (e.g., A-A, T-T, G-T, etc.) at a given
site in a nonadecamer-genomic DNA duplex might be expected to destabilize
that duplex to different degrees. Although the relative effects of all the possible
mismatches on duplex stability have not been determined as yet, it was assumed
that under the hybridization conditions used, 53TC and 0.9 M Na', the G-T
mismatch would have the least effect on the melting temperature of a nonadecamer-
genomic DNA duplex; that is, a probe forming a G-T mismatch with a genomic
sequence might be expected to produce a signal with that noncomplementary
DNA as well as with its complementary sequence. Therefore, in choosing probes
to distinguish all three P-globin genes (the pA, Is, and P3C DNAs), it was decided
to use the 19A', 19C, and 19S or 19S' probes and to eliminate the use of the
19A and 19C' probes that make a G-T mismatch with the PC and pA sequences,
respectively (see table 2).
The autoradiograms for a single agarose gel that was hybridized with 5' end-

labeled nonadecamer probes specific for the pA, Ps, and PC genes are shown in
figure 1. Ten different human genomic DNA samples were loaded on the gel
shown. The samples of the XHPG1 and pBR322-HPS marker DNAs that were
also included on this gel contained 10 x 10-3 fmol of P-globin sequence com-
plementary to the PA and Ps nonadecamer probes, respectively. This amount is
equivalent to that expected in 10 Rg of genomic DNA homozygous for either of
these sequences.
The P-globin genotype of each sample as determined by allele-specific hy-

bridization with these probes is given above each sample lane in figure 1. The
results of this analysis agreed with those obtained by conventional analysis of
blood globin proteins. The correct identification of these genomic DNA samples
and marker DNAs shows the specificity of this method for detecting point mutations.
Under the conditions chosen for hybridization, the nonadecamer probes hybridized
only to their complementary P-globin DNAs, the pl9A' probe with 13A DNA,
p19S with Ps DNA, and p I9C with PC DNA.
A comparison of the 1.8-kb bands within panel A and also of those within

panel B of figure 1 shows that signal intensity for homozygous DNA samples is
approximately twice that of heterozygous samples. The > 1.8-kb DNA band seen
in each of the lanes 2-11 in panel C is due to an unknown DNA sequence that
is complementary to the pl9C probe. This signal is unlikely to be due to probe
hybridization with any one of the related P-globin sequences (E, G0y Ay, or 8)
since the pl9C probe makes at least two mismatches with each of these genes
(see table 2) and therefore should not hybridize under the conditions used.

Figure 2 shows the autoradiograms obtained for three mini-gels, each of which
was loaded with 1-Rg samples of five different human genomic DNAs plus ap-
propriate amounts of XHPG1 and pBR322-HPS marker DNAs (0.006 and 0.06
pg each of the pA and Ps marker sequences). Each gel was hybridized with one
radiolabeled nonadecamer probe. Since both the 19S and 19S' probes make de-
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FIG. 1.-Direct gel hybridizations of human genomic DNAs with the 5', 32P end-labeled nonadecamer
probes pl9A', p19S, and p19C. Ten 10-~~.g samples of human genomic DNAs that had been digested
with BamHI were resolved on a large vertical agarose gel. BamHI digests of 150 pg XHO3GI and of
30 pg pBR322-HI3S samples were also included on this gel. Electrophoresis was carried out at 40 V
for 16 hrs. This gel was hybridized sequentially with the three probes indicated. Hybridization mixes
contained 3.5 X 106 cpm pl19A', 2.7 x 106 cpm plI9S, or 5.8 x 106 cpm plI9C probe/ml mix plus
0.9 M NaCI, 0.18 M Tris-HCI, pH 8.0, 6 mM EDTA, 0.5% Nonidet P-40, 0.1% each of bovine
serum albumin, Ficoll, polyvinyl-pyrrolidone and sodium dodecyl sulfate, and 10% dextran sulfate.
After each 2-hr hybridization at 530C, the gel was washed three times for 15 min at O0C in 6 X SSC
(0.9 M NaCl, 0.09 M sodium citrate, pH 7.2), frozen overnight at - 700C, washed once for 1 min at
53'C in 6 x SSC, and autoradiographed. Autoradiography times were 10, 12, and 4 days for panels
A, B, and C, respectively. To remove one probe in preparation for hybridization with the next probe,
the gel was washed once for 1 min at 650C in 6 x SSC. The autoradiography times for the hybridizations
shown in panels A and B are long only because the specific activities of the plI9A' and plI9S probe
preparations used were low due to the fact that they had been prepared several days earlier. With
probes of specific activity of 2 x 109 cpm/pLg, autoradiography time is typically 2-4 days as in
panel C.
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FIG. 2.-Direct gel hybridizations of human genomic DNAs with the 32p primer extended non-

adecanucleotide probes pl9A', pl9S', and DMT-19C. One-pLg samples of human genomic DNAs,
with the P-globin genotypes given above, were digested with BamHI and EcoRI and resolved on

each of three vertical 1% agarose mini-gels. BamHI digests of 16 and 160 pg XHOG1 samples and
of 3 and 30 pg pBR322-HOS samples were included as markers on each gel. Electrophoresis was

done for 2 hrs at 100 V. As indicated above, each gel was hybridized with a different probe. Hybridization
mixes contained 3.0 x 106 cpm 32P-labeled probe/ml mix, 10 pug/ml sonicated, denatured E. coli
carrier DNA, 0.3% SDS, and 5 x SSPE (1 x SSPE = 10 mM sodium phosphate, pH 7.0, 0.18 M
NaCl, 1 mM EDTA). The specific activities of the pl9A', pl9S', and DMT-19C probes were 1.48,
1.55, and 1.46 x 1010 dpm/pRg, respectively. The gels in panels A, B, and C were hybridized at
530C for 23, 24, and 22 hrs. After hybridization, the gels were washed once for 15 min at 0C in 2
x SSPE and once for 30 min at room temperature in 2 x SSPE, 0.1% SDS. Then the gels in panels
A, B, and C were autoradiographed for 2.8, 2.8, and 4.8 days, respectively.

stabilizing mismatch base pairs with their noncomplementary P-globin genes

(i.e., neither makes a lone G-T mismatch with any noncomplementary P-globin
sequence), the P3s probe chosen for this experiment was the alternate nonadecamer:
pl9S'. The 10-fold higher specific activities achieved by the internal labeling
procedure allowed the analysis of 1 [tg of genomic DNA rather than 10 jig of
DNA as in figure 1.
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As in the experiment with 5' end-labeled probes, the results of genotyping that
were obtained with primer extended probes agreed with those of blood globin
protein analysis. The correct identification of genomic samples and marker DNAs
by direct mini-gel hybridization with these probes of higher specific activity
again shows that oligomer probes are allele specific under appropriate hybridization
conditions.

In addition, the mini-gel data show that this method of detecting point mutations
is very sensitive. When oligomer probes with specific activities of 1010 dpm/[ug
are used, gene dosage can, in fact, be determined in 1-Vug samples of genomic
DNAs. An examination of the three gels in figure 2 shows that the signal intensity
of the 1. 8-kb band is approximately two times greater in the lanes with homozygous
genomic DNA samples: with the pl9A' probe, the GALA signal is more intense
than the EARS signal; with the p19S' probe, Asks > EARPs and PCes; and with the
DMT- 19C probe, PCC > aces.
This experiment was designed so that three probes prepared at the same time

could be used simultaneously. Obviously, any one of these gels could have been
hybridized sequentially with all three probes. Thus, the genotyping could have
been accomplished with only 1 [Lg rather than 3 pug of each genomic DNA.

DISCUSSION

We have shown here how allele-specific oligonucleotide probes can be used
to distinguish the HA, Ps-, and PC-globin genes unambiguously in restriction
digests of total human genomic DNAs. This group of genes was chosen for this
study to illustrate the superiority of allele-specific oligonucleotide hybridization
over the other two methodologies developed for detecting point mutations. Neither
RFLP analysis nor direct restriction analysis is satisfactory for distinguishing
among all three of these genes.
The P-globin gene has been associated with an HpaI polymorphism that produces

7.0-, 7.6-, or 13.0-kb restriction fragment lengths. However, neither the normal
fA-globin gene nor either of the two variant genes, P3s and Pc, is exclusively
associated with any one of these fragment lengths. The pA gene is most often
linked with the 7.6-kb fragment (88% frequency), while both the Ps and PC genes
are usually linked with the 13.0-kb fragment, the Ps gene at a frequency of 68%
and the PC gene at a frequency of > 95% [5, 8]. Because of this incomplete
linkage pattern, there are families for whom it is not possible to establish a pattern
of inheritance for these sequences by using the HpaI RFLP alone. For example,
if the parents have the PA1Ps and aces genotypes and both Ps genes and the PC
gene are linked with 13.0-kb fragments, offspring with a 7.6/13.0-kb restriction
pattern may have either the EA1S or pALC genotype. Those possessing a 13.0/
13.0-kb restriction pattern may have the PC3s or Pss genotype. Similar difficulties
can arise in genotyping offspring of parents with PARS and TALC genotypes. In
such cases, a second analysis of each family member's DNA with a different
restriction enzyme that is known to have polymorphic sites in the globin-gene
cluster (e.g., HindIII) must be done. The details of such extended analyses, using
both HpaI and HindIII polymorphic sites, have been published for simpler cases
where the genotypes of individuals who stood to inherit only the PA and Ps genes
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were determined. The results of those experiments showed that the fraction of
couples for whom amniocentesis could provide an exact diagnosis of the sickle-
cell state was increased from 36% to 80% when the pattern of HindIll linkages
was also examined [8]. Obviously, twice the DNA is required for such extended
analyses and the work involved in genotyping is doubled.
On the other hand, direct analysis of genomic DNAs with restriction enzymes

cannot distinguish among individuals with the 13ApA, ApC, and PC1C genotypes
or between individuals with the 13APs and 13cBs genotypes because the PA-*13C
mutation does not affect a known restriction site. Furthermore, in rare cases
where the f3Thal(codon 6) gene is involved, MstII digestion would not allow discrim-
ination of this gene and Ps [21]. Therefore, of RFLP, direct restriction enzyme
analysis, and allele-specific hybridization with oligonucleotide probes, the latter
is the only way of distinguishing the ,8A, Ps, and PC genes in all cases. Extensive
family studies are not necessary because each individual's DNA can be examined
and characterized directly.
From the work described here, it can be inferred that allele-specific hybridization

with oligonucleotide probes is presently the only methodology that is universally
applicable for discriminating among genes that differ by a single base. The necessary
oligonucleotide probes can be synthesized for any affected gene once its normal
and altered sequences are known.
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